Abstract-Flux trapping in superconducting devices has shown to be detrimental to the consistent operation of superconducting electronics (SCE). Approaches to improve reliability of SCE components have focused on introduction of flux trap regions and highly elaborate degaussing procedures. Nevertheless, a controlled and reproducible method to assure the elimination of trapped flux on SCE devices remains elusive. A substantial body of work on artificial defects utilizing the so called ratchet effect has demonstrate limited control of the magnetic vortices in niobium films. These early attempts to control the spurious vortices distribution have been limited to small geometrical regions having no practical effect on improving SCE devices operational parameters. In this paper, we report simulations and propose an improved method utilizing the ratchet effect that can be extended to physical sizes compatible to existing fabrication techniques of SCE devices.
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I. INTRODUCTION
Superconducting electronic devices, in particular the ones that use Josephson junction as the building block for its logic structure, can be rendered inoperable due to the likelihood of magnetic flux trapping [1] . Typically present in the superconducting ground plane, the trapped flux generates internal noise as well as dissipates energy. A combination of pinning sites have been used to model the effects of controlling the trapped flux, including using points [2] - [4] or the geometry of a sawtooth [5] - [8] to create an artificial potential [9] . The application of an AC current to act as an external force is applied to the system to examine how to control, and set into motion, the trapped vortices [10] .
In this work, we look at specific results for when an AC current is applied to the asymmetrical pinning potential, which takes advantage of the 'ratchet effect'. We extend the original theory from its restricted small areas of around 2 × 2µm 2 , to a large 10 × 10 mm 2 , typical of state of the art devices. We show that this topology, associated with a procedural method, is able to clear the vortices from an area of 10 × 10 mm 2 . Additionally, we discuss the behavior of the vortices once the AC Current is turned off, and show that the vortices seem to not return to the initial state, permanently clearing the studied area.
II. MODEL
In this section we will describe the model, go over some of the simulation details, and then convert the parameters to experimental values.
A. Theoretical Description
As described in [2] , the velocity of the vortex i is related to the total force f f f i acting on vortex i divided by the viscosity η.
is the force of the vortices on each other, f f f u i is the force generated by the pinning features (here a periodic asymmetrical potential) and f f f d is the driving force. The vortex-vortex interaction can be modeled
where r r r i and r r r j are the locations of vortices i and j respectively, N v is the number of vortices,r r r ij = (r r r i − r r r j )/|r r r i − r r r j |, K 1 is a modified Bessel function, λ is the penetration depth
is the elementary flux quantum, d is the thickness and µ 0 is the permeability of free space.
The potential force is an asymmetrical sawtooth function that can be seen in Fig. 1 . It can be modeled as Fig. 1 . The side view of the asymmetrical sawtooth potential from [5] f f f
if 0 ≤ (r r r ix x x mod 1) < 1/3 and r r r ix x x < xmax 2 − 1 2x x x if 1/3 ≤ (r r r ix x x mod 1) < 1 and r r r ix x x < xmax 2 − 1 2x x x if 0 ≤ (r r r ix x x mod 1) < 2/3 and r r r ix x x > xmax 2
x x x if 2/3 ≤ (r r r ix x x mod 1) < 1 and r r r ix x x > xmax 2
, where x max is the size of the film in the x-direction.
B. Simulation Details
For the results shown in the next section f f f d is an AC current of magnitude 1.0 which has a period of 4000dt (dt = 0.001). 
the modified Bessel function has a cutoff at 6λ since the force is negligible for distances greater, and becomes constant for less than 0.1λ to remove the logarithmic divergence issue.
C. Experimental Values
Throughout this simulation, in order to better associate the simulation parameters with experimental values, we used the following conversions:
1) Value of f 0 : The parameter f 0 is
where d is the film thickness and µ 0 is the permeability of free space:
Using these f 0 can also be written
4π 2 λ 3 . To determine f 0 we also need to know values for Φ 0 and λ, which are
Plugging into Eq. (4) gives
2) Film size: A common film size simulated in the references was 36λ square. Using the penetration depth for Niobium we can approximate this to be 36λ × 45nm = 1.62µm.
To simulate a 10mm by 10mm film, we need to look at an area 222222λ by 222222λ since 10mm 4.5 × 10 −5 mm = 222222.
3) Time Constant:
The simulations use a normalized time τ which is related to t by the equation
The viscosity η is
where ξ = 3.8 × 10 −8 m is the coherence length and ρ N is the normal state resistivity. To find a value for ρ N we notice that ρ 273K = 1.45 × 10 −7 Ωm and that there is a 10 4 decrease as
, so we assume ρ N = 1.45 × 10 −11 Ωm. Using 
The time range used for the smaller sized film simulations was from 0 to 200 with a step size of 0.001. Using the time constant in Eq. (7) this equates to is 0 to 109.38ns with a step size 0.5469ps. The time it takes to clear a 10mm by 10mm size square of superconducting material is 400000 timesteps or 400000 × 0.5469ns = 218.76µs.
4) Frequency and Amplitude of the AC current:
The AC current is a square wave switching every 2000 time steps, has a period of T = 4000 × 0.5469ps = 2.1876ns, and frequency of
Using f 0 from Eq. 5, the amplitude of the AC current is determined to be 1.0f 0 = 5.943 × 10 −10 N.
III. RESULTS
Initially we choose a random distribution of vortices for which 4000 time steps were simulated with f f f d = 0 was used to obtain the initial conditions. An example of a 100λ by 100λ film with a sawtooth pattern containing 100 vortices is seen in Fig. 2 on the left. The plot on the right shows the path the vortices took when subjected to an AC current of amplitude After 200000 time steps of size 0.001 the vortices are all crowded along the edge of the film and the center is empty, see Fig. 3 . This means that the AC current with the asymmetrical potential (which takes advantage of the Ratchet effect removed the trapped flux in the film, which is what we want to happen. Fig. 3 . Vortex locations on a 100λ by 100λ film with a sawtooth pattern containing 100 vortices after being subjected to an AC current, with amplitude 1.0 and period 4000 time steps, for 200000 time steps of size 0.001.
If we turn off the AC current the path the vortices take in 200000 time steps of size 0.001 can be seen in on the left in Fig. 4 . The right image is the final location of the vortices. We did this to explore what happens when the current stops, do the vortices flood the film immediately or do they stay away? The answer is, for this case, they all stayed at the edges in pretty much the same place. Increasing the size of the film to 10mm by 10mm allows us to determine if the AC current acting on the asymmetrical sawtooth potential is able to clear a realistic area of material and how long it takes. The picture in Fig. 5 is the 10 vortices at the time 0. The right image is the final location of the vortices after 400000000 time steps of size 0.001 when subjected to an AC current of amplitude 1.0, sign alternating every 2000 time steps. All the vortices are at the edge of the 10mm by 10mm film.
IV. CONCLUSION
In this study we determined that an AC current applied to an asymmetrical sawtooth pattern is able to clear a realistic sized film, though it took many time steps. We also determined that once the AC current is turned off, the vortices all stayed at the edges if the film in pretty much the same place rather than returning to where they came from. The simulations were done with a low density of vortices to demonstrate these concepts. Increasing the number of vortices exponentially increases the simulation time. When there are very few vortices in a large area the vortex-vortex interaction is minimal. Further work into higher densities of vortices on realistic size wafers would be beneficial, especially to analyze the effects of vortex-vortex interactions on the effects of the AC current being turned off. 
